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ABSTRACT 

Thermal conductivity is a key property for design and performance assessment of silicon carbide 

composite (SiC/SiC) cladding that is being developed for accident-tolerant fuel to be used in light water 

reactors. The thermal conductivity of SiC plate has previously been studied, but it was unknown whether 

it would be different for tubular SiC. The purpose of this report is to provide the thermal conductivity of 

prototypic SiC composite tubes under temperatures ranging from ~25C to ~300C. Both nonirradiated 

and neutron-irradiated specimens were evaluated. Thermal diffusivity of curved coupons was measured 

by a laser flash method. First, the effect of the specimen geometry on thermal diffusivity was investigated 

using a glass ceramic with known thermal diffusivity. The results showed an insignificant impact of the 

specimen geometry on the thermal diffusivity in the case of a curvature radius of ~4 mm. Subsequently, 

nonirradiated and neutron-irradiated SiC composite coupons with the same geometry as the glass ceramic 

specimens were evaluated. Thermal conductivity was also obtained using additional data for density and 

specific heat capacity. Equations were written to express the temperature-dependent thermal 

conductivities of the nonirradiated and irradiated SiC composite tubes. 

1. INTRODUCTION  

SiC/SiC composite, composed of a silicon carbide (SiC) matrix reinforced with a continuous SiC fiber, is 

being developed as cladding for accident-tolerant fuel to be used in light water reactors (LWRs). 

Westinghouse Electric Company LLC has requested that ORNL measure the through-wall thermal 

conductivity of small-diameter SiC/SiC tubes that were neutron-irradiated under LWR-relevant 

conditions. Thermal conductivity is one of the most important physical properties for assessing the 

performance of SiC/SiC composite fuel cladding. It is obtained by calculating the product of thermal 

diffusivity, density, and specific heat capacity. However, there is a significant lack of data for the thermal 

diffusivity of tube materials because its measurement is challenging owing to the specimen geometry. 

This is in contrast to plate materials, which have been systematically investigated [1]. 

Research was undertaken at ORNL to obtain a reliable value for the thermal conductivity of the SiC/SiC 

composite tubes. The thermal diffusivity was determined for curved coupons (6 × 6 mm specimens 

machined from unirradiated and irradiated SiC/SiC composite tubes). A conventional laser flash 

measurement was applied to obtain the thermal diffusivity. The effects of specimen geometry on the 

diffusivity were also investigated using glass ceramics specimens with known thermal diffusivity. 

Thermal conductivities of the tubes were then calculated from the thermal diffusivity, density, and 

specific heat capacity. The data includes both nonirradiated and neutron-irradiated temperature-dependent 

thermal conductivity for tubes made of a specific type of nuclear-grade SiC/SiC composite. Neutron 

irradiation occurred under LWR-relevant temperature ranges and dose conditions. 

2. EXPERIMENTAL METHODS  

2.1 SPECIMENS 

The SiC/SiC tubes were fabricated using a chemical vapor infiltration (CVI) process at General Atomics. 

Hi-Nicalon Type S SiC fiber was used for the reinforcement. The nominal specimen dimensions are 

8.5 mm outer diameter, 7.1 mm inner diameter, and 16 mm length. Detailed specimen information can be 

found in Ref. [2]. The specimens were obtained from two tubes, one nonirradiated and the other neutron-

irradiated. The tubes were machined into 6 mm square coupons with an outer curvature radius of 

~4.25 mm by using a Buehler IsoMet 1000 low-speed diamond saw (Figure 1). Three coupons from each 

tube were tested.  
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Figure 1. Nonirradiated SiC/SiC composite 

specimen used for the thermal diffusivity test. 

The thermal diffusivity of a MACOR machinable glass ceramic was also measured. The MACOR is 

composed of approximately 55% fluorophlogopite mica and 45% borosilicate glass. The thermal 

diffusivity value reported by the vendor is 0.73 mm2/s at 25C. Four types of specimens were prepared: 

(1) 10 mm square with 1 mm thickness, (2) 10 mm square with 1 mm thickness and 5 mm outer curvature 

radius, (3) 6 mm square with 1 mm thickness, and (4) 6 mm square with 0.75 mm thickness and 5 mm 

outer curvature radius. Three specimens were evaluated for each geometry. 

2.2 NEUTRON IRRADIATION  

Fuel cladding in an LWR is irradiated by neutrons and develops a thermal gradient because of the 

temperature differential between the inner fuel and the surrounding coolant. The sample tube was 

irradiated in the ORNL High Flux Isotope Reactor to simulate the neutron irradiation expected for a 

SiC/SiC composite cladding in an LWR under normal operations. The tube (sample GA TGI 4) was 

neutron-irradiated to a total fast neutron fluence of 2.3 × 1025 n/m2 (E > 0.1 MeV) during one reactor 

cycle, which lasted ~25 days. The corresponding neutron dose was 2.3 displacements per atom (dpa), 

assuming 1 dpa = 1 × 1025 n/m2 (E > 0.1 MeV) [3].  

The temperature gradient under irradiation results in swelling, which causes a significant buildup of 

stress [2]. Sample GA TGI 4 was placed inside an irradiation capsule specifically designed to hold a 

SiC/SiC composite tube. The irradiation capsule consisted of a molybdenum heater (dense gamma-

absorbing cylinder) at the center, which generated a heat flux of approximately 0.66 MW/m2 at the outer 

surface of the cladding. The irradiation capsule was designed to accommodate radiation-induced 

dimensional evolution of the specimen that is surrounded by an engineered aluminum foil. The inner and 

outer surface irradiation temperatures were ~450°C and ~320°C, respectively. The temperatures were 

determined by a combination of experimental investigation of the passive SiC thermometry located inside 

the tube and by finite-element thermal analysis. Details of the irradiation experiment are given in Ref. [2]. 

2.3 LASER FLASH METHOD 

A laser flash method was used to measure the thermal diffusivity of the specimens. The measurements 

were made in the temperature range of 25°C to ~600°C in an argon atmosphere. A Netzsch LFA 457 flash 

diffusivity instrument was used. The sample holders, purchased from Netzsch, are made of aluminum 

titanate and are covered with a SiC cap (Figure 2). The aluminum titanate holder was coated with 

graphite. There was no obvious reaction between the specimens and the holders during the testing. The 

thermal diffusivity was determined from the time required to reach one-half the peak temperature in the 
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resulting temperature rise curve on the rear surface. Netzsch software was used to conduct the analysis. A 

Cowan fitting with finite pulse width correction was used as an analysis method. 

 

Figure 2. The thermal diffusivity test system, a SiC 

specimen, and a specimen fixture. 

3. THERMAL DIFFUSIVITY OF SiC COMPOSITE TUBES 

3.1 EFFECTS OF SPECIMEN GEOMETRY ON THERMAL DIFFUSIVITY 

Room-temperature thermal diffusivities of the glass ceramic specimens with different shapes and sizes are 

summarized in Table. 1. The specimens were coated by graphite spray prior to the measurement. One 

standard deviation of thermal diffusivity was less than 1%. The two flat-plate specimens exhibited 

thermal diffusivity of ~0.765 mm2/s, which is within a 5% difference from the nominal thermal diffusivity 

of 0.73 mm2/s provided by the vendor. Therefore, the system could be used to conduct accurate thermal 

diffusivity measurement for a small flat plate with dimensions of 6 × 6 × 1 mm3. Two types of curved 

specimens showed very similar thermal diffusivities (~0.8 mm2/s). Comparing the average thermal 

diffusivity values for the four glass ceramic specimens, the values for the curved specimens appeared to 

be slightly larger than those of the flat plates. This trend qualitatively agreed with a previous study, in 

which laser flash thermal diffusivity measurements were made for 10 × 10 mm square SiC/SiC composite 

specimens with different curvatures [4]. However, the difference due to the specimen curvature was only 

up to 7% in this study. Therefore, the evaluations of the glass ceramic specimens indicate that the effect 

of specimen curvature on thermal diffusivity is small for the geometries of the SiC/SiC specimen used in 

this work.  

Table 1. Room-temperature thermal diffusivity of glass ceramic specimens  

with different specimen geometries. 

Specimen dimensions (mm) 

(length × width × thickness) 

Curvature radius of 

specimen (mm) 

Thermal 

diffusivity 

(mm2/s) 

One standard 

deviation 

(mm2/s) 

10 × 10 × 1 Flat plate, not applicable 0.765 0.006 

10 × 10 × 1 5 0.801 0.006 

6 × 6 × 1 Flat plate, not applicable 0.764 0.004 

6 × 6 × 0.75 4.25 0.818 0.006 
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3.2 THERMAL DIFFUSIVITY OF NONIRRADIATED AND IRRADIATED SiC COMPOSITE 

TUBES 

Both nonirradiated and irradiated SiC/SiC composite specimens had similar dimensions of one of the 

glass ceramic specimens: 6 mm square, 0.71 mm thickness, and an outer curvature radius of ~4.25 mm. A 

representative time-dependent signal during thermal diffusivity measurement of the nonirradiated 

specimen is shown in Figure 3 together with a fitting result using a Cowan model with laser pulse width 

correction. As shown in the figure, the experimental data fitted the model well; this was the case for all 

the irradiated specimens. 

 

Figure 3. Time-dependent signal of thermal diffusivity test of nonirradiated 

curved SiC/SiC composite coupon. The signal was well fitted with a Cowan 

model with laser pulse width correction, which is shown with a red line. 

Reciprocal thermal diffusivities of both nonirradiated and irradiated SiC/SiC composite specimens at 

different measurement temperatures are plotted in Figure 4. The error bars indicate one standard deviation 

among measurements of three coupons. An approximately linear relationship was found for nonirradiated 

specimens up to 600°C, which is consistent with the behavior of a trans-thickness reciprocal thermal 

diffusivity of CVI SiC/SiC composite plates [1]. A significant reduction of thermal diffusivity (increment 

of reciprocal thermal diffusivity) occurred due to neutron irradiation. A linear trend of the temperature 

dependence appeared up to ~400°C. It is expected that irradiation defects within the specimens were 

annealed out during the diffusivity measurements beyond the irradiation temperatures because the 

irradiation temperature was ~450°C at the inner surface and ~320°C at the outer surface of the tubes. 

Annealing of defects causes recovery of thermal diffusivity [5]. Therefore, the irradiated specimen 

thermal diffusivity data up to ~300°C are useful for engineering purposes. With linear fitting of the data, 

temperature (T) dependent thermal diffusivities of nonirradiated (αnonirr) and irradiated (αirr) materials in 

square millimeter per second are empirically expressed by 

 
1

𝛼𝑛𝑜𝑛𝑖𝑟𝑟
= 1.49 × 10−4 𝑇 + 1.27 × 10−1 , (25–600°C) (1) 

 
1

𝛼𝑖𝑟𝑟
= 8.24 × 10−4 𝑇 + 4.25 × 10−1 . (25–300°C) (2) 
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Figure 4. Temperature-dependent reciprocal thermal diffusivity of nonirradiated and irradiated SiC/SiC 

composite specimens. 

4. THERMAL CONDUCTIVITY OF SiC COMPOSITE TUBES 

The thermal conductivity of the tested samples was calculated using the thermal diffusivity (α), bulk 

density (ρ), and specific heat capacity (Cp). The thermal diffusivities of the unirradiated and irradiated 

SiC/SiC specimens were described, respectively, by Eqs. (1) and (2). The density of the SiC/SiC 

specimens was ~2.65 g/cm3 based on dimensional inspection. The specific heat capacity of prototype 

SiC/SiC composite cladding was assumed to be the same as that of a SiC monolith produced by chemical 

vapor deposition. This assumption is valid based on the heat capacity measurement conducted by General 

Atomics. (The data is available in the General Atomics product engineering nuclear materials property 

manual for SiC/SiC Composite Cladding [6]). The specific heat capacity is expressed as follows [7]: 

 𝐶𝑝(𝑖𝑛 𝐽/𝑘𝑔 ∙ 𝐾) = 925.65 + 0.3772𝑇 − 7.9259 × 10−5𝑇2 − 3.1946 × 107𝑇−2, (3) 

where T indicates temperature in kelvin and ranges 200–2400 K. It is assumed that the effect of neutron 

irradiation on the specific heat capacity of the SiC/SiC tube was negligible because of the limited change 

in the density following irradiation. The calculated thermal conductivities of the nonirradiated (knonirr) and 

irradiated (kirr) SiC/SiC composite tubes are shown in Figure 5. The temperature-dependent thermal 

conductivities are based on a polynomial fitting of the data:  

𝑘𝑛𝑜𝑛𝑖𝑟𝑟 = 2.11 × 10−10𝑇4 − 3.08 × 10−7𝑇3 + 1.51 × 10−4𝑇2 − 2.93 × 10−2𝑇 + 17.2 , (25–600°C) (4) 

 𝑘𝑖𝑟𝑟 = −5.25 × 10−9𝑇4 + 3.95 × 10−6𝑇3 − 1.04 × 10−3𝑇2 + 0.108𝑇 + 0.697 . (25–300°C) (5) 
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The unit of T in Eq. (3) and (4) is degrees Celsius. General Atomics reported similar thermal diffusivity 

values for nonirradiated SiC/SiC composite tubes [6]. Thermal diffusivity following neutron irradiation 

was also similar to the reported values of ~1.5 W/m K at room temperature for a CVI SiC/SiC composite 

reinforced with Hi Nicalon Type S fibers that had been neutron-irradiated at 450°C to 2.0 dpa [1]. 

Although the results are not simply compared due to presence of the temperature gradient during 

irradiation, the results of this work are qualitatively consistent with previous work showing a significant 

radiation-induced reduction of the thermal diffusivity. 

 

Figure 5. Temperature-dependent thermal conductivity of nonirradiated and irradiated SiC/SiC composite 

tubes. The dotted lines indicate polynomial fitting of the data. 

5. SUMMARY 

This report provides the temperature-dependent thermal conductivities of nonirradiated and neutron-

irradiated SiC/SiC composite tubes, which are expressed by Eqs. (4) and (5), respectively. The material 

evaluated was the prototypical CVI SiC/SiC composite tubes fabricated by General Atomics. For the 

irradiated sample, neutron irradiation was conducted under LWR-relevant conditions: irradiation 

temperature of ~450°C and ~320°C at the inner and outer surfaces, respectively, and a neutron dose of 

2.3 dpa. A temperature gradient was created to mimic the in-pile temperature distribution within the 

cladding. An accurate measurement of thermal diffusivity was a key to obtaining the thermal conductivity 

of a SiC/SiC composite tube because a standard test method does not exist that can determine the thermal 

conductivity of curved specimens. This work found that a conventional laser flash thermal diffusivity 

measurement for a flat coupon is applicable to curved specimens machined from SiC/SiC composite 

tubes. 
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